Four genes encoding alcohol dehydrogenase (Adh) isozymes in the thermotolerant yeast Kluyveromyces marxianus, a potent candidate for ethanol production at high temperatures, were investigated. Of these, KmADH3 and KmADH4 were cloned and sequenced, and their deduced amino acid sequences were compared with those of KmAdh1 and KmAdh2 and other Adhs of Kluyveromyces lactis and Saccharomyces cerevisiae. The four KmAdhs had high sequence similarity, though KmAdh3 and KmAdh4 possessed an amino-terminal extension as a mitochondrial targeting sequence, and appear to belong to the zinc-containing Adh family. These results and the results of Southern blot experiments suggest that there are at least four Adh isozymes in K. marxianus, two cytoplasmic enzymes and two mitochondrial enzymes. The expression profile revealed that KmADH genes are differently expressed depending on growth phase and carbon source, suggesting that these highly homologous Adhs play distinctive roles in cells.
Alcohol dehydrogenases (Adhs) (E.C. 1.1.1.1) are enzymes present in almost all organisms, 1) including bacteria, yeast, insects, mammals, and plants, and they participate in ethanol production or ethanol degradation. Adhs play an indispensable role in the following reaction of ethanol fermentation with pyruvate decarboxylase: pyruvate resulting from glycolysis is converted to acetaldehyde and subsequently to ethanol. The latter step is crucial for regeneration of NAD þ and to respiratory chain activity, which allows glycolysis to continue. Adhs are highly conserved in the primary sequence in yeast, but the number and expression patterns of their genes might be different. In Saccharomyces cerevisiae, seven ADH genes have been identified: ScADH1 encodes for the fermentative enzyme responsible for ethanol production from acetaldehyde and NADH, and is expressed in large amounts in the presence of glucose.
2) ScADH2, susceptible to negative regulation by glucose, encodes the isozyme that converts ethanol to acetaldehyde and thus allows cells to grow with ethanol as a carbon source. [3] [4] [5] ScADH3 encodes for ScAdh3, whose mature form is located in mitochondria 6) and is also repressed by glucose. ScADH4 encodes for ScAdh4, which is considered to be a member of the iron-activated ADH family. 7) ScADH5 encodes for ScAdh5, and has 76% sequence identity to the ScAdh1 isozyme. 8) ScADH6 and ScADH7 encode for ScAdh6 and ScAdh7 respectively, which show broad substrate specificity 9, 10) and are assumed to contribute the maintenance of a proper NADP/NADPH balance.
Four Adhs in the yeast Kluveromyces lactis, which is able to utilize lactose as a carbon source, have also been characterized. [11] [12] [13] [14] Two of these Adhs are cytoplasmic enzymes (KlAdh1 and KlAdh2), and the other two are mitochondrial enzymes (KlAdh3 and KlAdh4). Both of these cytoplasmic enzymes might have functions similar to that of ScAdh1. KlADH3, encoding for the mitochondrial enzyme KlAdh3, is negatively regulated by ethanol, 15) while KlADH4 is induced by ethanol and is insensitive to glucose repression. 11) Kluyveromyces marxianus is a yeast currently being investigated as an alternative to S. cerevisiae for utilization in ethanol production. It has three promising properties: ability to grow at relatively high temperatures, growth on a great variety of inexpensive carbon sources, and short doubling time, 16, 17) but the molecular mechanism supporting growth at high temperatures is still unknown. K. marxianus also possesses a wealth of hydrolytic enzymes, including -galactosidase, inulinase, and polygalacturonase, and it produces valuable compounds such as 2-phenylethanol. 18, 19) This yeast is also capable of growing on lactose as sole carbon source, which provides the possibility of utilizing cheese whey as a cheap source of nutrients for its cultivation. 20) K. marxianus has been investigated for the production of bioingredients, 18) cell proteins, 21, 22) inulinase, 16, [23] [24] [25] and -galactosidase, [26] [27] [28] and even for use as a baker's yeast. 29) In spite of these potential applications of K. marxianus, there is a lack of information in the literature concerning its physiology. In order to establish a method of ethanol production at high temperatures, which is expected to reduce the cost of cooling, knowledge of the physiology of Adh enzymes may be indispensable. Such knowledge may also expand our understanding of yeast metabolism. In this paper, we describe the molecular cloning of genes for KmAdh3 and KmAdh4 in K. marxianus and a comparison of their primary sequences with those of KmAdh1 and KmAdh2 and with those of other known yeast Adhs. We also present the results of an investigation of the distinctive expression of four KmADH genes on various carbon sources.
Materials and Methods
Materials. Restriction enzymes and T4 DNA ligase were purchased from Takara Shuzo (Kyoto, Japan) and New England Biolabs (Beverly, MA). DNA sequencing kit (ABI PRISM Ò BigDye Ò Terminator v3.1 Cycle Sequencing Kit) was purchased from Applied Biosystems Japan (Kyoto, Japan). Oligonucleotide primers were synthesized by Proligo Japan (Tokyo). The other chemicals were all of analytical grade and were purchased from commercial sources.
Microorganisms. The K. marxianus DMKU 3-1042 used in this research was isolated from soil in Thailand and identified by physiological characterization and 26S rDNA sequencing. 30) Escherichia coli DH5 (supE44 ÁlacU169 [080 lacZÁM15] hsdR17 recA1 endA1 gyrA96 thi-1 relA1) was used as a host strain in all recombinant DNA experiments.
Media and culture conditions. Yeast was grown in yeast-peptone-dextrose (YPD) medium (1% w/v yeast extract, 2% w/v peptone, and 2% w/v glucose), YPG (1% w/v yeast extract, 2% w/v peptone, and 3% w/v glycerol) or YPE (1% w/v yeast extract, 2% w/v peptone, and 2% v/v ethanol) at 30 C or 45 C under shaking at 160 rpm. E. coli was grown in LB medium (1% w/v Bactotryptone, 0.5% w/v yeast extract, and 0.5% w/v NaCl). To the medium was added 50 mg of ampicillin per ml when necessary.
Ethanol and glucose measurement. The ethanol and glucose concentrations in the culture medium during cell growth were determined by the enzymatic method 31) using an alcohol dehydrogenase purified from Gluconobacter suboxydans IFO12528, as previously described, 32) and using a glucose dehydrogenase purified from E. coli K-12, as previously described, 33) respectively.
Cloning and analysis of KmADH genes. Conventional recombinant DNA techniques were applied. 34) Yeast genomic DNA was prepared by the standard method.
34) The KmADH genes from K. marxianus were cloned after PCR amplification using primers (Table 1) , and genomic DNA as a template. The specific primer sets for KmADH1 and KmADH2 were ADH1F and ADH1R, and ADH2F and ADH2R respectively, accord- ing to nucleotide sequences in the Genbank Database. The degenerated oligonucleotide primer sets for KmADH3 and KmADH4, which were designed based on the amino acid sequences of conserved regions among Adhs from several yeasts, were ADH3mF and ADH3mR, and ADHFm1 and ADH4mR respectively. The various amplified DNA fragments were inserted into the multi-cloning site of pGEM-T easy vector (Promega, Madison, WI), and then subjected to nucleotide sequencing. 35) The remaining regions for KmADH3 and KmADH4 were cloned by inversed PCR. 34) According to the results of Southern blot (see Fig. 2 ), the genomic DNA was digested with BamHI or HindIII, and ligated, and then subjected to inversed PCR using primers ADH3iv5 and ADH3iv3 for KmADH3, and ADH4iv5 and ADH4iv3 for KmADH4. Since the inversed-PCR products of KmADH4 were present as more than one band, each band was purified from agarose gel, and subsequently used as a template for a second PCR to amplify correct DNA fragments using nested primer sets, ADH4iv5Fn and ADH4iv3Rn. The products were then cloned into pGEM-T easy vector and sequenced. To obtain the full sequences of KmADH3 and KmADH4, their entire genes were amplified and cloned using primer sets KmADH3F and KmADH3R, and KmADH4F and KmADH4R respectively. The KmADH3 and KmADH4 sequences have been submitted to the DDBJ database under accession nos. AB264088 and AB264089 respectively. Southern blotting. Genomic DNA from K. marxianus was digested with four restriction enzymes, BamHI, HindIII, SalI, or XbaI, electrophoresed in 0.9% agarose gel, and blotted to Hybond-N (Nylon) transfer membranes (Amersham, Piscataway, NJ) by standard procedures. 34) Hybridization was performed at 42 C under the manufacturer's specified conditions (Amersham) with probes that were PCR-amplified DNA fragments of KmADH1, KmADH2, KmADH3, and KmADH4 using primer sets ADH1Fi and ADH1Ri, ADH2Fi and ADH2Ri, ADH3Fi and ADH3Ri, and ADH4Fi and ADH4Ri respectively, which were designed based on relatively non-conserved regions among the ADHs. The product size was about 500 bp each.
RT-PCR analysis. Total RNA from cells, which were grown in YPD medium until mid-exponential phase (6 h at 30 C, 5 h at 45 C), early stationary phase (12 h at 30 C, 12 h at 45 C), and late stationary phase (24 h at 30 C, 24 h at 45 C), was isolated by the hot phenol method. 36) In the other experiments, cells grown in YPD medium until the exponential phase at 30 C were subsequently inoculated at 5% into YPD, YPG, or YPE media, and after 6 h of incubation at 30 C or 45 C, total RNAs were prepared as described above. The concentration of RNA was estimated spectrophotometrically at 260 nm. RT-PCR analysis was performed using an mRNA Selective RT-PCR Kit (Takara Shuzo, Kyoto, Japan) with 0.1 mg of RNA as template and primer sets that were the same as those used for Southern blot. After an RT reaction performed at 40 C for 15 min, PCR, consisting of denaturing at 82 C for 1 min, annealing at fixed temperatures, 5 lower than T m , which was calculated by the rule-of-thump method 37) for 1 min and extension at 72 C for 1 min, was carried out using the two primers for each gene. The PCR products after 20, 25, 30, and 35 cycles for each gene were analyzed by 0.9% agarose gel electrophoresis, and the amount of the products was estimated as described previously. 38) Under our conditions, the RNA-selective RT-PCR was able to detect mRNA specifically, because no band was observed when reverse transcriptase was omitted.
Database search and phylogenetic analysis. Homology searching was performed by FASTA and BLAST in the GenBank, NCBI, DDBJ, EMBL, and SWISS-PROT databases. Comparisons of nucleotide sequences or amino acid sequences were conducted by Genetyx (Software Development, Tokyo). Phylogenetic analysis was performed by CLUSTAL W 39) by the neighborjoining method, and the results were represented using Treeview (Stanford University, Stanford, CA). Confidence limits for phylogenetic trees were estimated from bootstrap analyses (1,000 replications for neighborjoining searches).
Results
Growth and ethanol production of K. marxianus at 30 C and 45 C Yeast strain DMKU 3-1042, isolated from soil in Thailand as a thermotolerant, ethanol-producing yeast, has been identified to be K. marxianus by physiological characterization and analysis of the D1/D2 domain of 26S rDNA, which showed 100% identity to that of K. marxianus NRRL Y-8281, a type strain of this species. 30) In order to examine cell growth and ethanol production at high temperatures, K. marxianus cells were grown in YPD medium at 30 C and 45 C, as shown in Fig. 1 . At 30 C, cell growth gradually continued until 48 h, and the ethanol concentration in the culture reached about 1.2% (w/v) at the early stationary phase, while the glucose concentration rapidly decreased until 12 h. The exponential phase at 45 C started at nearly the same time as that at 30 C, but the turbidity at the stationary phase was lower than that at 30 C. The ethanol concentration at 45 C was approximately half of that at 30 C after 36 h. The lower concentration of ethanol at 45 C might have been due to the smaller number of cells, lower ethanol productivity, or higher evaporation than at 30 C.
Cloning of KmADH3 and KmADH4 genes in K. marxianus K. marxianus KmADH1 and KmADH2 have been cloned and sequenced. 40, 41) For cloning and character-ization of the remaining two ADH genes, KmADH3 and KmADH4, degenerated oligonucleotide primer sets for each (Table 1) were designed on the basis of the primary sequences of conserved regions among yeasts, K. lactis, K. wickerhamii, and S. kluyveri: ADH3mF and ADH3mR primers, corresponding to the amino acid sequences Lys-Asp-Ile-Pro-Val (positions 49 to 53 in K. lactis Adh3) and Arg-Tyr-Val-Val-Asp (positions 368 to 372 in K. lactis Adh3) respectively, and ADHFm1 and ADH4mR primers, corresponding to the sequences Met-Phe-Arg-Leu-Ala (positions 1 to 5 in K. lactis Adh4) and Val-Val-Asp-Thr-Tyr (positions 374 to 378 in K. lactis Adh4) respectively. The various DNA fragments amplified with K. marxianus genomic DNA as a template were cloned. The remaining portions at the 5 0 -and 3 0 -regions for KmADH3 and KmADH4 were further amplified by inversed PCR. The inversed PCR products were 2.1 kb and 1.8 kb in length for KmADH3 and KmADH4 respectively, which agreed with those of the corresponding bands in Southern blots (see Fig. 2 ). The entire genes were finally cloned after amplification by PCR and completely sequenced.
Sequencing revealed the existence of open reading frames (ORFs) of 1,128 bp for KmADH3 and 1,140 bp for KmADH4. These ORFs showed nucleotide sequence identities of 71-86% to CaADH1 of Candida albicans, ScADH1-3 of S. cerevisiae, and KlADH1-4 of K. lactis, and significantly low similarities to ADH genes of Schizosaccharomyces pombe and filamentous fungi (data not shown). The nucleotide sequence identities K. marxianus genomic DNA (10 mg) was digested with restriction enzymes, BamHI (lanes 1, 5, 9, and 13), HindIII (lanes 2, 6, 10, and 14), SalI (lanes 3, 7, 11, and 15), and XbaI (lanes 4, 8, 12, and 16), and hybridized with DNA probes: KmADH1, lanes 1-4; KmADH2, lanes 5-8; KmADH3, lanes 9-12; KmADH4, lanes 13-16. Arrowheads represent hybridized bands to each probe, and bands without an arrowhead resulted from cross-hybridization. The values on the left are molecular sizes in kilobase pairs.
between the four KmADHs of K. marxianus were 82.3% (KmADH1/KmADH2), 80.6% (KmADH1/KmADH3), 78.3% (KmADH1/KmADH4), 82.2% (KmADH2/ KmADH3), 80.9% (KmADH2/KmADH4), and 81.3% (KmADH3/KmADH4). These comparisons and the deduction of amino acid sequences revealed the absence of introns in the four KmADHs.
We performed Southern blot analysis to examine the copy number of ADH genes on the K. marxianus genome (Fig. 2) . Total genomic DNA from K. marxianus was digested with BamHI, HindIII, SalI, or XbaI, which have no cleavage site inside the ADH genes, and then subjected to Southern blot analysis with approximately 500-bp probes corresponding to the inside regions of the four ADH ORFs. Since all four ADH genes showed high similarity in nucleotide sequence, the probes used cross-hybridized to other ADH genes. Four bands were observed for each DNA digest, though the number was not clear at high molecular weights, when BamHI was used. These results suggest that there are at least four KmADHs in K. marxianus.
Specific elements at the 5
0 -noncoding regions of KmADH3 and KmADH4
The 5 0 -noncoding regions of both genes possessed a TATA-like sequence, situated at positions À172 to À167 nt upstream of the initiation codon of KmADH3 and at positions À116 to À110 nt upstream of the initiation codon of KmADH4 (Fig. 3A, B) . However, no significant identity was found between the 5 0 -flanking regions of the ADH3 genes or between those of the ADH4 genes from K. marxianus, S. cerevisiae, and K. lactis.
The 5 0 -noncoding regions of genes for glycolytic enzymes, including ScADH1, contain several regulatory elements. 42) In the 5 0 -noncoding region of KmADH3 (Fig. 3A) , we found a sequence identical to the consensus sequence 5 0 -CCAAT-3 0 for binding of Hap2, Hap3, and Hap5, whose element is present in genes involved in respiration and gluconeogenesis. 43) In the case of KmADH4, there are two copies of the sequence AGGGG as a stress response element, which has also been found in KlADH4 44) (Fig. 3B) . Additionally, there are two putative heat shock elements (HSEs) that perfectly match the consensus sequence, CNNGAANN-TTCNNG, 45) and a putative binding sequence for Rap1, which also perfectly matches the consensus sequence, RAAYCCRYNCAYY.
42)

Characteristics of
The codon usages of the four KmADHs were also similar. The four proteins can be translated with a restricted set of preferred codons, as in the case of S. cerevisiae glycolytic enzymes. 46) GGU for Gly, AAG for Lys, GAA for Glu, GUU and GUC for Val, and UUG for Leu are used predominantly. GUA for Val, UCA and UCG for Ser, UGC for Cys, CCU for Pro, AAU for Asn, CGA for Arg, CUU for Leu, ACU for Thr, GCA for Ala, AAA for Lys, GAU for Asp, UGG for Trp, and GGC for Gly are rarely used.
The KmAdh3 and KmAdh4 enzymes can be synthesized as precursors containing amino-terminal extensions of 24 and 28 amino acid residues respectively. They appear to contain the information necessary to target and import them into mitochondria, and subsequent processing can occur, as demonstrated in ScAdh3.
47) The Adh3 precursor of S. cerevisiae has been shown to be cleaved between Leu-24 and Gln-25 in in vitro experiments. 48) Based on these observations and the alignment of amino acid sequences (Fig. 4) , the KmAdh3 and KmAdh4 precursors might be cleaved between Thr-24 and Met-25 and between Leu-28 and Asn-29 respectively. On the other hand, both KmAdh1 and KmAdh2 appear to be cytoplasmic enzymes, as previously reported, because of the lack of such a targeting signal sequence.
40,41)
Comparison of KmAdh sequences with those of other Adhs
In order to compare primary sequences of yeast Adhs, the deduced amino acid sequences of four KmAdh isozymes were aligned with those of Adhs from other yeasts (Fig. 4) . KmAdhs showed sequence identity of 71-91% to CaAdh1, ScAdh1-3, and KlAdh1-4. On the other hand, they showed significantly low similarities to ScAdh4, which belongs to the iron-activated Adh family, and to SpAdh and Adh of filamentous fungi. The sequence identities between KmAdh isozymes were 82.2% (KmAdh1/KmAdh2), 79.3% (KmAdh1/ KmAdh3), 78.1% (KmAdh1/KmAdh4), 80.5% (KmAdh2/KmAdh3), 79.8% (KmAdh2/KmAdh4), and 84.4% (KmAdh3/KmAdh4).
More than 40 Adhs from divergent sources share nine conserved amino acid residues, eight glycine residues and one valine, 49) which are indicated with asterisks in Fig. 4 . Rather surprisingly, none of the nine conserved residues is directly involved in catalysis, but they all may have structural roles. Additionally, there are five more strictly conserved residues among the microbial Adhs that have both structural and catalytic roles. 50) These are indicated by reversed letters in Fig. 4 . KmAdh3, KmAdh4, and ScAdh3 were identical in most of the residues that are related to binding of a substrate, or coenzyme, or to catalysis, except for 228 and 254 in KmAdh3 and one at position 254 in KmAdh4 (Fig. 4) . This conservation is maintained in all KmAdhs.
KmAdhs as members of the medium-sized zincdependent Adh family
Phylogenetic analysis of known Adhs has demonstrated that there are medium-sized zinc-dependent (approximately 350 amino acid residues) 51) and longsized iron-activated Adh families (approximately 385 amino acid residues). 7) To obtain evidence regarding the structural relationship, the deduced amino acid sequences of four KmAdhs were compared with those of Adhs from other yeasts. KmAdh1 and KmAdh2 showed very high identity scores to KlAdh1 and KlAdh2 and to ScAdh1 and KlAdh1 respectively. KmAdh3 and KmAdh4 showed very high identity scores to KlAdh3 and KlAdh4 respectively. On the other hand, KmAdh4 showed low similarity to the corresponding Adh in S. cerevisiae. Phylogenetic analysis based on the sequence identities suggested that all KmAdhs are members of the medium-sized zinc-dependent Adh family (Fig. 5) . The high degree of similarity in amino acid composition, codon usage, and primary sequence in KmAdhs allows us to speculate that they are different in function or expression in addition to cellular localization.
Analysis of the expression of KmADHs in glucose medium
To determine whether the regulation of ADH genes in K. marxianus occurs at the transcriptional level, RT-PCR was carried out with total RNA from cells at different growth phases, the exponential, early stationary, and stationary phases, in glucose medium (Fig. 6A) . The appearance of a band in each cycle and its intensity revealed that KmADH1 and KmADH2 were largely expressed in the exponential phase and that their expression levels were reduced in the stationary phase. The mRNA level of KmADH3 was much lower than those of the others. On the other hand, KmADH4 was significantly expressed in the stationary phase. Therefore, the four ADH genes may be distinctively controlled in expression.
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Effects of different carbon sources on the expression of KmADHs
To examine further the distinctive expression modes of KmADHs, we analyzed their expression on different carbon sources. Cells grown aerobically in glucose medium until the exponential phase were inoculated into a medium containing glucose, glycerol, or ethanol, and cultivation was continued for a further 6 h. Total RNA was then isolated and subjected to RT-PCR. KmADH1 was expressed in all media, whereas KmADH2 was significantly expressed only in glucose medium (Fig. 7A) . This is consistent with the results shown in Fig. 6 . Therefore, KmADH1 and KmADH2 appear to be expressed constitutively and inducibly by glucose respectively. On the other hand, KmADH3 and KmADH4 were significantly expressed in ethanol medium (Fig. 7A) , and KmADH3 was strongly expressed in glycerol medium.
Since this strain grew at a relatively high temperature (45 C), the expression of the four KmADHs in different carbon sources was also examined and compared to that at 30 C. The results showed that the four KmADH expression profiles were not significantly different at 30 C or 45 C, except that KmADH4 was not expressed in glycerol-containing medium at 45 C and was expressed at a significantly lower level than at 30 C in ethanol-and glucose-containing media (data not shown). The transcription of KmADH4 thus appears to be low at 45 C, presumably due to a heat-labile transcription factor or a limitation in an inducer of the gene.
Discussion
The Adh system in K. marxianus can be encoded by multiple ADH genes, although the exact number of these genes is still uncertain. Bands corresponding to four ADH genes were detected by Southern blot analysis. Two of these genes have been isolated and their nucleotide sequences have been determined. 40, 41) This study provides information on the remaining two genes in the organism. A comparison of primary sequences revealed that there is high conservation (nearby 80% identity) among KmAdhs and also between KmAdhs and some of the Adhs from S. cerevisiae and K. lactis.
Our results suggest that K. marxianus contains two cytoplasmic and two mitochondrial zinc-dependent Adhs with a high homology to known zinc-dependent Adhs but with low homology to ScAdh4 of S. cerevisiae, which is a member of the iron-activated Adh family. 7) No information on regulatory promoter elements in K. marxianus is available. Hence we scanned the sequence for elements that might play a role in gene expression regulation in yeast. We found possible sequences in the 5 0 -noncoding region of KmADH3, homologous to the element that is the CCAAT box and 1, 52, 53) are headed by letters: a, adenine-binding pocket; r, adenosine ribose binding; p, pyrophosphate binding; n, nicotinamide binding; b, nicotinamide ribose binding; s, substrate-binding pocket; z, ligand of the active site zinc atom. The arrowhead indicates the cleavage site of the ScAdh3 precursor which was determined in vitro. 48) Asterisks indicate conserved amino acid residues, eight glycine residues and one valine 54) of Adhs from divergent sources. Reversed letters indicate five more strictly conserved residues among the microbial Adhs. 50) KmAdh: K. marxianus Adh, KlAdh: K. lactis Adh, ScAdh: S. cerevisiae Adh, CaAdh: C. albicans Adh, SpAdh: S. pombe.
known to play a role in the ability of yeast to grow on a non-fermentable carbon source. 55, 56) CBF of the CCAAT-binding factor is one of the transcription activators responsible for the activation of many of the genes involved in respiratory metabolism. 43, 55) Consistently, KmADH3 was expressed at a significantly higher level in the medium containing non-fermentable carbon sources than in that containing glucose.
The 5 0 -noncoding region of KmADH4 contains a sequence identical to an AGGGG element (STRE). This element has been found in two or more copies with both orientations in the 5 0 -noncoding regions of many Cells were grown in glucose-containing medium at 30 C, and total RNA was isolated from the cells at mid-exponential (6 h), early stationary (12 h), and late stationary (24 h) phases, as described in ''Materials and Methods.'' A, RT-PCR was performed with primers specific to corresponding ADH genes that amplify an approximately 500 bp DNA fragment. After RT reaction, PCR products of 20, 25, 30, and 35 cycles were subjected to agarose gel electrophoresis and stained with ethidium bromide. B, As a control, 10 mg total RNAs from each phases were run by 1.2% agarose gel electrophoresis, followed by staining with ethidium bromide. The images are shown in inverted color. A phylogenetic tree was created by calculation by neighbor-joining depicting relationships among members of two groups, medium-chain zinc-dependent and short-chain iron-activated Adhs. Branch lengths are proportional to amino acid differences, as indicated by the marker bar. Numbers given at nodes are the percentages of frequencies with which a given branch appeared in 1,000 bootstrap replications. Frequencies under 50% are not given. The abbreviations of Adhs were the same as those in Fig. 4 , except for ZmAdh2, Zymomonas mobilis Adh2.
CaAdh1
S. cerevisiae genes [56] [57] [58] and also of S. pombe ADH1.
5)
STREs have been found to have a positive effect on transcription in response to different stresses such as nitrogen starvation, osmotic and oxidative shock, low external pH, and high ethanol concentrations. [56] [57] [58] [59] Additionally, there is a putative binding site for Yap1, a transcription factor involved in stress response in S. cerevisiae and K. lactis. 60, 61) Consistently with this, the KmADH4 expression level increased in the late stationary phase, in which the ethanol concentration became high, in addition to an accumulation of other stresses.
The upstream region of KmADH4 also contains two putative heat shock elements (HSEs), which have been found in combination with STREs in many stressresponsive genes of S. cerevisiae. 49, 62) The function of the putative HSEs, however, is not clear because KmADH4 expression was significantly reduced at 45 C compared to that at 30 C. Similarly, the expression of KlADH4, which also contains HSEs in its 5 0 -noncoding region, does not respond to heat stresses or to osmotic or oxidative shocks. Notably, a significant increase in the activity of KlAdh4 was observed after the addition of ethanol. 44) These characteristics of the expression of KlADH4 and its product are apparently consistent with those of KmADH4, which also responded to ethanol stress. The upregulation of KmADH4 by ethanol might be due to the presence of STRE, because induction of KlADH4 by ethanol was diminished by the introduction of a mutation into STRE. 44) Although upregulation via STRE can be performed by either an activator or a repressor, Mazzoni et al. 44) proposed repressor-mediated regulation of KlAdh4 on the basis of the results of a gel-shift assay using an STRE DNA fragment, indicating negative regulators binding STREs, which were removed by the addition of ethanol. Additionally, a possible binding site for the Rap1 protein, which has been found to have a positive role in the transcription of many glycolytic genes in both S. cerevisiae and K. lactis, 42, 63) is present in KmADH4, but its function in KmADH4 expression is not clear.
Expression analysis revealed that KmADH1 is a constitutive gene, as is ScADH1, 46) and that KmADH2 is an inducible gene in the presence of glucose. Consistently with this, there are possible elements for Rap1 and Yap1 in the 5 0 -noncoding region of KmADH2 not yet discovered. There are several putative elements in KmADH1, but their physiological functions are not clear.
Little is known about the physiological functions of KmAdh isozymes. Although KmADH1 and KmADH2 have been found to be preferentially expressed in the presence of glucose, as were KlADH1, KlADH2, 12, 14) and ScADH1, 2) KmADH1 was expressed equally in glucose, glycerol, and ethanol-containing media, and KmADH2 was expressed only in glucose-containing medium. KmAdh1 and KmAdh2 as cytoplasmic enzymes can be synthesized in a constitutive fashion and an inducible fashion respectively. Therefore, KmAdh1 and KmAdh2 might contribute to ethanol fermentation from various carbon sources and glucose, respectively. As in S. cerevisiae, the two mitochondrial Adh isozymes KmAdh3 and KmAdh4 might be involved in the degradation of ethanol, which might contribute to Cells grown in YPD medium for 18 h were inoculated into YPD, YPG, or YPE, and cultivated for 6 h at 30 C. A, Total RNA was then isolated and subjected to RT-PCR. RT-PCR and agarose gel electrophoresis were performed as described in Fig. 6B . As a control, 10 mg total RNAs from cells grown in medium containing three different carbon sources was used.
detoxification of it to ensure cell survival. Notably, KmADH3 was expressed in glycerol-containing medium, as was KlADH3, 15) but the two ADH3 genes exhibited different expression patterns in the presence of ethanol. Moreover, the expression level of KmADH3 increased in glycerol and ethanol-containing medium, and KmADH4 showed a significantly high expression level in ethanol-containing medium. Therefore, KmAdh3 and KmAdh4 might contribute to non-fermentable carbon utilization and ethanol degradation in mitochondria respectively. The next step toward understanding the roles of these gene products in ethanol fermentation and respiration is to examine the effect of disruption of the genes. This is under investigation.
